Involvement of CREB-regulated transcription coactivators (CRTC) in transcriptional activation of steroidogenic acute regulatory protein (Star) by ACTH, Molecular and Cellular Endocrinology (2019), Abstract Studies in vivo have suggested the involvement of CREB-regulated transcription coactivator (CRTC)2 on ACTHinduced transcription of the key steroidogenic protein, Steroidogenic Acute Regulatory (StAR). The present study uses two ACTH-responsive adrenocortical cell-lines, to examine the role of CRTC on Star transcription. Here we show that ACTH-induced Star primary transcript or heteronuclear RNA (hnRNA), parallels rapid increases in nuclear levels of the 3 isoforms of CRTC; CRTC1, CRTC2 and CRTC3. Furthermore, ACTH promotes recruitment of CRTC2 and CRTC3 by the Star promoter and siRNA knockdown of either CRTC3 or CRTC2 attenuates the increases in ACTH-induced Star hnRNA. Using pharmacological inhibitors of PKA, MAP kinase and calcineurin, we show that the effects of ACTH on Star transcription and CRTC nuclear translocation depend predominantly on the PKA pathway.
Introduction
Glucocorticoid hormone release from the adrenal gland is essential for maintaining normal metabolic function and survival during severe stress ( (Stocco and Clark, 1996) . Although initiation of steroidogenesis following ACTH stimulation depends on rapid post-translational modifications of StAR (Arakane, King, Du et al., 1997) , this protein is short-lived (Artemenko, Zhao, Hales et al., 2001) and transcriptional episodes are essential for maintaining adequate mRNA and protein levels for subsequent secretory episodes (Ferguson, 1963 The mechanism of action of ACTH involves cAMP/PKA-dependent mechanisms (Cammas, Kapas, Barker et al., 1995 ,Schimmer, 1972 ,Clark, Ranganathan and Combs, 2001 , and, to a lesser extent, the Mitogen-activated protein kinase (MAPK) pathway ( . The transcription factor co-activator, CREBregulated transcription co-activator (CRTC, previously known as Transducer of Regulated CREB activity; TORC), has been shown to enhance CREB binding to the RNA polymerase II pre-initiation complex at the promoter, through its binding to the CREB bZIP domain (Conkright, Canettieri, Screaton et al., 2003,Orphanides, Lagrange and Reinberg, 1996) . Three isoforms of CRTC have been identified, CRTC1, CRTC2 and CRTC3, (Conkright et al., 2003 ,Iourgenko, Zhang, Mickanin et al., 2003 , with Crtc1 mRNA being located predominantly in the brain, and Crtc2 and Crtc3 The above evidence strongly suggests that CRTC2 is involved in the regulation of Star transcription. The adrenal cortex also expresses CRTC1 and CRTC3, though levels of CRTC1 are much lower than those of CRTC2 and CRTC3 both in rat; Figure S1 , and in humans (Conkright et al., 2003) . Thus, it is reasonable to hypothesize that, in addition to CRTC2 ,Takemori et al., 2007 , activation of the other isoforms, 5 especially the highly expressed CRTC3, is also involved in the transcriptional regulation of Star. The objective of the present study was to elucidate the roles of different CRTC isoforms on ACTH-regulated Star transcription and the signalling pathways involved in this regulation. For this purpose, we investigated the dynamics of nuclear translocation of the three endogenous CRTC isoforms in response to ACTH, in relationship with the time course of Star transcription and CREB phosphorylation in two murine adrenal cell-lines, Y1-BS1 (Watt and Schimmer, 1981) , 
Materials and Methods
All chemicals were purchased from Sigma Aldrich unless otherwise stated.
Cell cultures, transfections and treatments
Mouse adrenocortical Y1-BS1 cells (kindly provided by Dr Bernard Schimmer, University of Toronto, ON), were cultured in MEMα (Gibco) containing 2.5% heat-inactivated foetal bovine serum (Gibco), 15% heatinactivated horse serum (Gibco), 1% penicillin/streptomycin (pen/strep). Mouse adrenocortical ATC7-L cells were cultured in 0.005% poly-L-lysine (P1399) pre-coated flasks, in DMEM/ F12-GlutaMAX medium (Gibco) containing 2.5% heat-inactivated horse serum, 2.5% heat inactivated fetal bovine serum, 1% pen/strep and 1% insulin, transferrin and sodium selenite (ITS; Gibco) (Ragazzon et al., 2006) . Both cell-lines were cultured at 37°C under a 5% CO 2 -95% air atmosphere.
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For CRTC silencing experiments, Y1-BS1 cells were transfected by electroporation (Nucleofector II, Amaxa, Lonza, Gaithersburg, MD, USA). Six million Y1-BS1 cells per cuvette in 100 µl solution V, were combined with 600nM siRNA oligonucleotides and transfected using program L-033, 600nM of scrambled control #1 siRNA (Thermofisher Scientific) for control groups; 300nM 5′-GGUCCUGGAUUUUUAGGGAtt-3′ Crtc2 siRNA (Thermofisher Scientific) plus 300nM scrambled control #1 siRNA for the CRTC2 knockdown group; 300nM 5′-GACCAAUUCUGAUUCUGCUtt-3′ Crtc3 siRNA (Thermofisher Scientific) plus 300nM scrambled control #1 siRNA for the CRTC3 knockdown group; 300nM each, Crtc2 and Crtc3 siRNA for combined CRTC2 and CRTC3. Following transfection, cells were cultured for 48 h in supplemented MEMα prior to changing to supplement-free media containing 0.1% BSA for 1 h (Y1-BS1) or 24 h (ATC7-L cells) before experimentation. Cells were stimulated with either 10nM synthetic ACTH (ACTH-(1-39)), 1mM 8-Br-cAMP, 100nM of phorbol 12-myristate 13-acetate (PMA) or 3nM epidermal growth factor (EGF) for the times indicated. In experiments involving inhibitors, cells were preincubated for 15 min with 10µM of the PKA inhibitor, H89, 1µM the MEK1/MEK2 inhibitor, UO126 or 5µM the calcineurin inhibitor, cyclosporine A (CsA), or vehicle (final concentration 0.5% DMSO).
Rat adrenal cell isolation
Female Sprague Dawley rats were decapitated following CO 2 sedation, adrenal glands removed, decapsulated and quartered, and then digested with collagenase Type II, 2mg/ml in DMEM/HEPES (Gibco), containing 1% pen/strep, 1% BSA fraction V, 0.02% Deoxyribonuclease I, for 20 min at 37 o C, 95% air/5%CO 2 under agitation. Tissue was then sedimented, washed and resuspended in DMEM/HEPES containing 1% pen/strep, 1% BSA, 0.002% Deoxyribonuclease I and 0.01% Trypsin inhibitor, and mechanically dispersed by aspiration/release with a syringe attached to 3mm tubing. The supernatant containing dispersed cells was filtered through a 100 µm nylon gauze, and the procedure repeated until the media became clear. A second collagenase incubation and dispersion was performed on undigested tissue. Pooled supernatant was centrifuged at 100xg, cell pellets resuspended and preincubated for 1h in 20ml DMEM/HEPES containing 0.1% BSA and 1% pen/strep, before resuspending in fresh medium at 250,000 cell/ml. Aliquots (1ml) were incubated at 37 o C for the time periods and conditions indicated. Incubations were terminated by placing vials on ice, then cells pelleted by centrifugation for RNA isolation.
RNA isolation and RT-qPCR
Cells were harvested in TRIzol reagent (Thermofisher Scientific) and RNA extracted using phase separation with chloroform. Total RNA was purified from the aqueous phase using RNeasy mini kit reagents and column 
Western immunoblot analysis
Following treatment, cells were washed and collected in ice-cold PBS containing protease and phosphatase inhibitors (Pierce, Rockford, IL, USA). Nuclear and cytosolic proteins were extracted using the NE-PER 
Chromatin immunoprecipitation assay
Following ACTH treatment, ATC7-L (1. were designed using NCBI Primer-BLAST, as determined via NCBI GenBank. Promoter pulldown was quantified using mouse genomic DNA, normalised to the total levels in the chromatin input (promoter content in chromatin not subjected to immunoprecipitation).
Statistical analyses
All data are expressed as mean ± SEM of values obtained from a minimum of three independent experiments.
Normal distribution of the data and homogeneity of variance were verified using the Shapiro-Wilk test and Normal Q-Q plots, and the LEVENE test, respectively. Data were analysed using one-way ANOVA, Welch ANOVA or twoway ANOVA, as indicated in the figure legend. When appropriate, one-or two-way ANOVA was followed by Fisher Least Significant Difference (Fisher LSD) post-hoc test, Welch ANOVA was followed by the Dunnett T3 post-hoc test. Statistical significance was set at P≤0.05, with a trend defined as P≤0.1.
Results

Time course of the effect of ACTH on Star transcription, CREB phosphorylation and CRTC translocation in Y1-
BS1 and ATC7-L cells
The dynamics of Star transcription in response to ACTH were determined by measuring the levels of Star primary transcript (Star hnRNA). ACTH induced an overall increase in Star hnRNA levels both in Y1-BS1 and ATC7-L cells (P<0.001; Figure 1A Figure 4A ) and CRTC2 (P=0.04; Figure 4B ) at the Star promoter. No increases in binding were detected at 7 min, but by 30 min, there was a significant increase above basal levels for both pCREB (P=0.02) and CRTC2 (P=0.02). Immunoprecipitation of the Star promoter by the CRTC3 antibody also revealed a significant effect of ACTH on CRTC3 binding (P<0.001; Figure   4C ). Binding of CRTC3 to the Star promoter was detected by 15 min (P=0.001), the earlier point measured, and remained at similar levels at 30 min (P<0.001).
Knockdown of CRTC2 and CRTC3 attenuates Star transcription
The involvement of the different CRTC subtypes on ACTH-induced Star transcription was investigated further using siRNA oligonucleotides to inhibit the expression of CRTC1-3 in the adrenocortical cell line, Y1-BS1.
While technical difficulties impaired CRTC1 knockdown, transfection with Crtc2 and Crtc3 siRNA oligonucleotides, alone or in combination effectively reduced the respective CRTC in whole cell protein extracts, for CRTC2 (P=0.01; Figure 5C ). Furthermore, there was no significant difference in whole cell CRTC2 and CRTC3 protein levels when cells were transfected with the heterologous siRNA, confirming specificity of the siRNA used. Knockdown of CRTC2 and CRTC3, alone or combined, did not affect CRTC1 protein levels (P=0.49; Figure 5A ).
Star hnRNA levels were then measured either following 45 min treatment with 10nM ACTH or vehicle ( Figure 5D ). Two-way ANOVA revealed an overall significant effect for both ACTH and siRNA on Star hnRNA (P<0.001 and P=0.03, respectively), but no interaction (P=0.15). ACTH increased Star hnRNA levels in siNC cells (P<0.001), an effect which was significantly attenuated in cells transfected with either Crtc2 or Crtc3 siRNA, or their combination. Although ACTH-stimulated values were still significantly higher than the respective basal (Crtc2 
Stimulation of cAMP, but not of MAPK or PKC pathways, mimics the effect of ACTH on Star transcription.
To test whether other signalling pathways, in addition to ACTH/cAMP, can regulate Star transcription, Y1-BS1 and ATC7-L were treated for 30 min with either ACTH, 8-Br-cAMP, the PKC stimulator PMA, or the MAPK stimulator EGF (Figure 6A and B) . In Y1-BS1 cells (Figure 6A) , both ACTH (P=0.001) and 8-Br-cAMP (P<0.001) significantly increased the levels of Star hnRNA, whilst treatment with PMA or EGF had no effect on Star hnRNA levels. In ATC7-L cells (Figure 6B) , Star hnRNA levels also increased in cells treated with ACTH (P=0.007). In each of the three experiments, 8-Br-cAMP increased in Star hnRNA levels, but due to variability in the magnitude of the increase (range 5.4 to 11.0-fold), the effect was not statistically significant (P=0.23). Consistent with the findings in Y1-BS1 cells, neither PMA nor EGF had any effect on Star hnRNA levels in ATC7-L cells. These findings were confirmed in dispersed rat adrenal cells, with both ACTH and 8-Br-cAMP increasing Star hnRNA levels, while no effect of PMA treatment was seen (Figure 6C ).
ACTH-stimulated Star transcription is attenuated by inhibition of PKA and MAPK activity in a cell-line specific manner.
To further study the signalling pathways mediating Star transcription, murine adrenocortical cell-lines were pre-treated with either vehicle, the PKA inhibitor H89, the MEK inhibitor UO126, or with a combination of both inhibitors for 15 minutes prior to incubation with 10nM ACTH for 30 min. The inhibitors, alone or in combination, had no significant effect on basal Star hnRNA levels (Figure 6D-F) . Both Y1-BS1 ( Figure 6D) Similar to the effects in the cell lines, in vehicle pre-treated collagenase-dispersed rat adrenal cells ( Figure   6F ) there was a significant effect of ACTH (P=0.002), while the overall effect of the inhibitors or their interaction was not significant (P=0.213 and P=0.412, for inhibitors and interaction, respectively). As in ATC7-L cells, Star hnRNA increases in the ACTH-treated vehicle (P=0.035) and UO126 (P=0.008) groups were significant compared to basal, whilst pre-incubation with H89, but not with UO126, blunted Star hnRNA response to ACTH (P=0.242). Also similar to ATC7-L cells, pre-incubation with UO126 did not inhibit but tended to increase the effect of ACTH compared with vehicle pre-treated cells.
Inhibition of PKA and calcineurin decreases ACTH-mediated nuclear translocation of CRTC1, CRTC2 and CRTC3 in ATC7-L cells but not ACTH-mediated Star transcription.
To investigate the role of PKA, MEK and calcineurin on CRTC-mediated regulation of ACTH-induced Star transcription, the effect of 10 min treatment with ACTH on Star hnRNA levels and nuclear levels of CRTC1, CRTC2
and CRTC3 were measured in ATC7-L cells pre-treated with UO126, H89 or the calcineurin inhibitor CsA. There was a significant effect of ACTH (P<0.001) and inhibitors treatment (P<0.001), as well as interaction (P=0.006), on Star hnRNA levels (Figure 7A) . ACTH significantly increased Star hnRNA in cells pre-incubated with vehicle (P<0.001), UO126 (P=0.003) and CsA (P<0.001) but not in cells pre-incubated with H89 alone (P=0.17) or in combination with the other antagonists (H89+UO126+CsA: P=0.37) . Interestingly, the effect of ACTH on Star hnRNA was potentiated 19 by CsA (P=0.01 vs ACTH alone), whereas the potentiation by UO126 observed after 30 min ACTH treatment ( Figure   6D ) was not present after 10 min treatment.
Treatment with ACTH for 10 min also exerted a significant overall effect on nuclear levels of CRTC1 (P=0.001; Figure 7B and C), CRTC2 (P<0.001; Figure 7B and D) and CRTC3 (P<0.001; Figure 7B and E) . Furthermore, the effect of inhibitors pre-treatment was significant for nuclear CRTC1 (P=0.04; interaction P=0.09) and CRTC2 (P=0.006; interaction P=0.011), but not for nuclear CRTC3 (P=0.76; interaction P=0.74). ACTH significantly 
Discussion
This in vitro study shows that nuclear translocation of the 3 isoforms of endogenous CRTC (CRTC1, CRTC2 and CRTC3) parallels or precedes the increases in Star hnRNA induced by ACTH, in agreement with previous reports of ex vivo work in rats. Using chromatin immunoprecipitation and siRNA knockout we now demonstrate This was associated with complete inhibition of ACTH-induced Star hnRNA at 10 min, while there was a partial recovery by 30 min. This is consistent with the effects of siRNA CRTC knockdown, in which there was only a partial reduction of Star hnRNA by 45 min ACTH stimulation, despite reduced CRTC2 and CRTC3 levels. Although earlier Star hnRNA responses to ACTH were not measured in the siRNA experiments, the overall findings strongly suggest that PKA/CRTC mechanisms are essential for early transcriptional activation of Star, and that additional signalling mechanisms are important to sustain the activation. The fact that MAPK appears to play a role in CRTC regulation only in Y1-BS1 cells, raises a note a caution when extrapolating data obtained from cell-lines to in vivo regulation in various species.
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No effect of PMA indicates PKC activation alone is insufficient for initiating Star transcription. PKC has previously been implicated in the regulation of StAR protein levels in bovine adrenal cells (Nishikawa, Sasano, Omura et al., 1996) , whilst low levels of steroidogenesis were previously induced by 2 h incubation with PMA in Y1 cells (Frigeri and Armelin, 1996) . Furthermore, Leydig M-10 cell studies have shown phorbol esters increase Star mRNA levels Stocco, 2005,Manna, Soh and Stocco, 2011) . Ca 2+ -sensitive calcineurin can be activated by cAMP (Antoni, 1996) fasciculata cells blunts cAMP-induced corticosterone release, suggesting that cAMP activation of adrenal steroidogenesis in the adrenal fasciculata requires calcium release from intracellular stores (Schiebinger et al., 1985) .
This study provides evidence that of the 3 isoforms of CRTC present in the adrenal fasciculata, at least CRTC2 and CRTC3 are involved in the initiation of Star transcription. The rapid nuclear translocation and recruitment by the Star promoter of CRTC2 and CRTC3 in response to ACTH, preceding the maximal increases in Star primary transcript, and the ability of siRNA knockdown of these CRTC isoforms to attenuate ACTH-induced Star transcription, strongly suggest that PKA-mediated activation of CRTC2 and CRTC3 plays a role in the initiation of Star transcription. However, the fact that knockdown of both subtypes (or preventing their activation by PKA 25 inhibitors) reduces but does not prevent ACTH-induced Star hnRNA increases, indicates the participation of additional factors and emphasizes the complexity of the mechanisms regulating StAR expression. 
Conflict of Interest
